INTRODUCTION
Hepatitis C virus (HCV) infection has reached epidemic proportions. Worldwide, more than one million new cases of infection are reported annually, and HCV is believed to be more prevalent than hepatitis B virus infection (HBV) (26) . In the United States alone, nearly four million persons are infected and 30,000 acute new infections are estimated to occur annually (89) . Currently, HCV is responsible for an estimated 8,000 to 10,000 deaths annually in the United States, and without effective intervention, that number is predicted to triple in the next 10 to 20 years (89) . Furthermore, HCV is the leading reason for liver transplantation in the United States and this has major implications in the present era of organ shortage. The ultimate goal is a universally effective vaccine to prevent new cases, especially in underdeveloped countries, where HCV infection is more prevalent and treatment is financially out of reach for most patients. The development of such a vaccine has been hampered, at least partly, by the great heterogeneity of the HCV genome, which is the focus of this review.
HCV was the first virus discovered by molecular cloning without the direct use of biologic or biophysical methods. This was accomplished by extracting, copying into cDNA, and cloning all the nucleic acid from the plasma of a chimpanzee infected with non-A, non-B hepatitis by contaminated factor XIII concentrate (24) . The HCV genome is a positive-sense, single-stranded RNA genome approximately 10 kb long. It has marked similarities to those of members of the genera Pestivirus and Flavivirus. Different HCV isolates from around the world show substantial nucleotide sequence variability throughout the viral genome (25) . Based on the identification of these genomic differences, HCV has been classified into multiple strains. It is thought that genetic heterogeneity of HCV may account for some of the differences in disease outcome and response to treatment observed in HCV-infected persons.
Before proceeding with the discussion, it is important to consider the shortcomings of studies related to the clinical importance of HCV genotypes. Although several studies have specifically evaluated the role of HCV genotypes and the clinical utility of genotyping, many questions have not been answered. Investigators have used several classification systems, especially before 1995, and have adopted different methods of genotyping. Furthermore, there has been no consistency among studies in the definition of study end points to allow for comparison and "collective experience." This was most obvious in studies that addressed the role of genotypes in liver disease progression or response to interferon therapy. The severity of liver disease was based on histologic activity in some studies and on the development of cirrhosis or hepatocellular carcinoma in others. Similarly, in most trials before 1995, the response to interferon treatment was defined as normalization of transaminases at the end of therapy (biochemical response), but this was replaced by the virologic response, defined as the disappearance of PCR-detectable HCV RNA in plasma. Also, the clinical significance of HCV genotypes that are not common in the United States, Europe, or Japan has received minimal attention because most scientific investigations are being conducted in these countries. These genotypes, which include HCV types 4 through 9, have been found mostly in less industrialized countries (India and countries in Southeast Asia and the Middle East).
GENOMIC ORGANIZATION OF HCV
The original isolate (HCV-1) was a positive-sense RNA virus with approximately 9,400 ribonucleotides, containing a poly(A) tail at the 3Ј end (Fig. 1) . The sequence contained a 5Ј untranslated region (5Ј UTR) of 341 bases, a long open reading frame coding for a polyprotein of 3,011 amino acids, and a 3Ј untranslated region (3Ј UTR) of about 27 bases. This RNA structure is most similar to that of the family Flaviviridae, which encompasses numerous arthropod-borne viruses. Consistent with the known functions of most flavivirus proteins, the three N-terminal HCV proteins are probably structural (C, E1, and E2/NS2) and the four C-terminal proteins (NS2, NS3, NS4, and NS5) are believed to function in viral replication.
The open reading frame length of each genotype is characteristically different. Whereas the open reading frame in type 1 isolates is approximately 9,400 ribonucleotides, that of type 2 isolates is typically 9,099 nucleotides and that of type 3 isolates is typically 9,063 nucleotides (12) . These differences may potentially account for some of the phenotypic differences among genotypes discussed below.
The 5Ј UTR of HCV RNA is the most highly conserved portion of the genome and thus has been used in most laboratories to develop sensitive detection assays for HCV RNA (52) . It is also thought to be important in the translation of the HCV open reading frame. The E1 and E2 regions of the HCV genome demonstrate the highest mutation rate at the nucleotide level as well as at the predicted amino acid level (49) . The finding of a rapidly evolving region within one of the envelope proteins of HCV suggests that this region is under selective pressure by the host immune system. An extraordinarily high rate of nucleotide change that frequently resulted in codon changes was found in hypervariable region 1 of the E2 protein of the HCV genome and consists of 27 amino acids (93) . The variability of this region resembles that of the V3 loop of human immunodeficiency virus (HIV), a domain that elicits anti-HIV type-specific neutralizing antibodies. Studies in chimpanzees and in patients with acute and chronic hepatitis C have demonstrated that these infected hosts mount a humoral immune response to epitopes of hypervariable region 1 of the HCV genome (110, 149) . The presence of this rapidly changing region may permit a mechanism by which HCV evades host immune surveillance and establishes and maintains persistent infection.
Multiple protein antigens encoded by the viral RNA seem to produce serologic responses in the host. Serologic responses to four of these protein antigens are used in diagnostic laboratories for the detection of HCV infection (Fig. 1) . The first two proteins, termed 5-1-1 and c100-3, are derived from nonstructural regions of the HCV genome, specifically the NS3 and NS4 regions, and together they form the basis of the firstgeneration antibody assays (enzyme-linked immunosorbent assay 1 [ELISA-1] and strip immunoassay 1 [SIA-1]). In addition to 5-1-1 and c100-3, proteins c33 and c22 are included in the second-generation antibody assays (ELISA-2 and SIA-2). Protein c33c is derived from the NS3 region, which is a nonconserved region of the viral genome. However, protein c22 is derived from the highly conserved nucleocapsid (C) region (Fig. 1) . A recombinant NS5 antigen has been added to the above four antigens to improve the sensitivity of serologic assays for the detection of HCV antibodies (third-generation antibody assays).
GENOMIC HETEROGENEITY AND CLASSIFICATION SYSTEMS
After the complete HCV genome was determined by Choo et al. in 1991 (25) , several HCV isolates from different parts of the world were obtained and sequenced (22, 31, 38, 60, 68, 69) . Comparison of the published sequences of HCV has led to the identification of several distinct types that may differ from each other by as much as 33% over the whole viral genome (96) . Sequence variability is distributed equally throughout the viral genome, apart from the highly conserved 5Ј UTR and core regions and the hypervariable envelope (E) region (59, 95-97, 109, 126) .
As different investigators developed and used their own classification system for HCV strains, a confusing literature developed (Table 1) . However, at the 2nd International Conference of HCV and Related Viruses, a consensus nomenclature system was proposed that is to be used in future studies of HCV genotypes and subtypes (P. Simmonds . According to this system, HCV is classified on the basis of the similarity of nucleotide sequence into major genetic groups designated genotypes. HCV genotypes are numbered (arabic numerals) in the order of their discovery (Tables 1 and 2 ). The more closely related HCV strains within some types are designated subtypes, which are assigned lowercase letters (in alphabetic order) in the order of their discovery (Tables 1 and 2 ). The complex of genetic variants found within an individual isolate is termed the quasispecies ( Table 2 ). The quasispecies composition of HCV results from the accumulation of mutations during viral replication in the host (135) .
The genomic sequences of different HCV isolates vary by as much as 35% (96) . The degrees of difference in nucleotide sequences among isolates vary from one genomic region to another. Sequence similarities between members of the different genotypes of a 222-bp segment of the NS5 region that we used in our laboratory range between 55 and 72%, whereas identities of subtypes range from 75 to 86% (Table 3) 
ROLE OF GENOMIC HETEROGENEITY IN HCV PERSISTENCE AND VACCINE DEVELOPMENT
With the rarity of severe acute or fulminant HCV infections, the significance of this infection in humans is its tendency to become persistent and to induce chronic liver disease. The mechanisms of HCV persistence are not known. However, in most human viral infections, the interaction of several arms of the immune system is important in limiting viral replication and preventing persistence. These arms of the immune system include humoral and cellular immunity.
Antibody responses are often directed against several viral proteins, although it is the antibodies directed against the viral envelope proteins that usually serve as neutralizing antibodies (90) . Neutralizing antibodies are often specific for a particular serologic type of the virus, an issue that is particularly relevant in discussions of strategies for vaccination against highly variable viruses such as HIV or HCV.
Whether infection with HCV elicits protective immunity in the host remains unclear. Farci et al. (41) attempted to neutralize HCV in vitro with plasma obtained from a chronically infected patient. The source of HCV was the same patient during the acute phase of posttransfusion non-A, non-B hepatitis. The residual infectivity was evaluated by inoculation of seronegative chimpanzees. The authors showed that neutralization was achieved with plasma obtained 2 years after the initial exposure but not with plasma obtained 11 years later. Analysis of viral isolates for the same patient showed signifi- cant genetic divergence of HCV over time. These data support the quasispecies nature of HCV and the selection of strains to avoid immune pressure. This experiment also emphasized the possible role of genetic heterogeneity of HCV in escaping the immune system. It has been suggested that these antibodies are likely to be directed against epitopes of hypervariable region 1 located in the E2 region (41) . Similarly, cellular immune responses, particularly those mediated by cytotoxic T lymphocytes (CTLs), are important components of protective immunity against many viral infections, including hepatitis B. In HCV infection, the role of CTLs in protecting against viral persistence is unknown. HCV-specific, HLA class I-restricted CTLs were demonstrated within the liver (63, 64) . Possible targets for HCV-specific CTL recognition within the conserved core protein and additional epitopes in the more highly variable region E2 protein were also identified (63, 64) . HCV heterogeneity may also be important in escaping CTL-induced immunity. In a chronically infected chimpanzee, CTLs obtained from the liver were initially able to recognize an epitope in the NS3 protein. Over a period of several years, a new strain of the virus emerged with a mutation in the CTL epitope that was no longer recognized by the CTLs isolated earlier. Although direct evidence for the presence of CTL escape mutants in human HCV infection is lacking, it has been shown that single-amino-acid changes in CTL epitopes result in failure of recognition by HCV-specific CTLs (62) . These single-amino-acid changes are found in natural isolates of HCV, hence the need to address the problem of type specificity of immune responses.
Irrespective of the specific type of immune response (humoral or cellular) that is associated with protection and clearance of HCV after an acute exposure, the response appears to be type specific. This conclusion could be extracted from a natural experiment in children with thalassemia who had undergone numerous transfusions (66). Lai et al. (66) reported multiple episodes of acute hepatitis C in these children. The second episode of acute hepatitis C appeared to result from infection with a different strain of HCV, suggesting that immune responses to the initial strain did not protect against an infection with another strain of HCV.
Analogously, the genetic heterogeneity of HCV is likely to make the development of an HCV vaccine difficult. A vaccine that consisted of recombinant E1 and E2 proteins of HCV-1 (genotype 1a) was tested in chimpanzees (23) . Of seven chimpanzees that were challenged with HCV-1 after vaccination, five were protected against reinfection, compared with none of four control unvaccinated chimpanzees. The finding that these proteins, derived from hypervariable regions of the HCV genome, can elicit protective immunity poses a major challenge for the development of a broadly effective vaccine for the prevention of HCV.
METHODS FOR HCV GENOTYPING Molecular Genotyping
Because differences in geographical distribution, disease outcome, and response to therapy among HCV genotypes have been suggested, reliable methods for determining the HCV genotype may become an important clinical test. The reference standard and most definitive method for HCV genotyping is sequencing of a specific PCR-amplified portion of the HCV genome obtained from the patient, followed by phylogenetic analysis. Investigators of HCV genotyping have used sequence analysis of HCV NS5, core, E1, and 5Ј UTRs. However, direct sequencing is impractical on a large scale because of the complexity of the procedure. Even with the introduction of automated sequencing methods that do not require radioactive isotopes, only a few laboratories are equipped to perform these procedures on a regular basis. Finally, sequencing of amplified DNA does not usually identify mixed infections with two different HCV genotypes.
Other methods that have been reported depend mainly on the amplification of HCV RNA from clinical specimens, followed by either reamplification with type-specific primers or hybridization with type-specific probes (70, 98, 107, 134) or by digestion of PCR products with restriction endonucleases that recognize genotype-specific cleavage site (81; D. Murphy, B. Willems, and G. Delage, Letter, J. Infect. Dis. 169:473-475, 1994). HCV genotyping by using type-specific primers was first introduced by Okamoto et al. (98) and used primers specific for the core region. This method lacked sensitivity and specificity (135) . Without modification, this method was able to detect subtypes 1a, 1b, 1c, 2a, 2b, and 3a. However, modifications have been introduced to improve the sensitivity and specificity of this method (94, 134) , but more studies are required before the efficiency of this genotyping method can be compared with that of other methods. Several DNA hybridization assays for HCV genotyping have been described. A commercial kit (InnoLipa) for HCV genotyping has been introduced in Europe by Innogenetics (Zwijndre, Belgium) and is based on hybridization of 5Ј UTR amplification products with genotypespecific probes (123) . Although the initial version of InnoLipa had lower sensitivity, the newer version is capable of discriminating among HCV subtypes 1a, 1b, 2a to 2c, 3a to 3c, 4a to 4h, 5a, and 6a (75) . It has been shown that genotyping methods using 5Ј UTR, including InnoLipa, may not distinguish subtype 1a from 1b in 5 to 10% of cases and also may not distinguish between subtypes 2a and 2c (120) .
Others have used restriction enzymes to determine a restriction fragment length polymorphism. In this method, a PCRamplified DNA fragment is digested into fragments with different lengths by enzymes (restriction endonucleases) that recognize cleavage sites specific for each genotype (135) . Investigators have used different regions of the HCV genome for restriction fragment length polymorphism, including NS5 and the 5Ј UTR (14, 19, 87) .
Although all these methods are able to identify correctly the major genotypic groups, only direct nucleotide sequencing is efficient in discriminating among subtypes (12, 113) . Moreover, all of these PCR-based methods have the shortcomings and advantages of PCR. They are expensive and time-consuming and require specialized facilities to ensure accurate results and prevent contamination. Their reliability may further be compromised if viral RNA is lost in the serum or plasma through storage or improper laboratory handling or if it is absent from the circulation during sample collection. The advantages of PCR-based methods include reliability if performed accurately and the ability to obtain information relevant to the molecular pathogenesis of HCV.
Serologic Genotyping
More recently, investigators identified genotype-specific antibodies that could be used as indirect markers for the HCV genotype (serotyping or serologic genotyping) (74, 85, 119, 130) . Serologic genotyping has several advantages that make it suitable for large epidemiologic studies. These advantages include the low risk for contamination and the simplicity of the assay. However, serologic typing seems to lack specificity and sensitivity, which limits its usefulness.
Two commercially available serologic genotyping assays have been introduced over the past 3 to 4 years. The RIBA SIA was introduced by Chiron Corp. and contained five different serotype-specific peptide sequences taken from the NS4 region and two serotype-specific peptide sequences taken from the core region of the HCV genomes for genotypes 1, 2, and 3 (34). The second serologic genotyping assay is the Murex HCV serotyping enzyme immune assay (Murex Diagnostics Ltd.), which is based on the detection of genotype-specific antibodies directed to epitopes encoded by the NS4 region of the genomes for genotypes 1 through 6. These two assays have been compared and showed a concordance rate of more than 96% for genotypes 1, 2, and 3 (44). A recent study by Beld et al. (4) showed high reliability of HCV serotyping by the RIBA SIA (Chiron Corp., Emeryville, Calif.) in immunocompetent individuals infected with genotype 1a. However, the assay had low sensitivity in samples containing genotype 3a or in samples from patients coinfected with HIV. These findings suggest that the use of this assay may be limited at this time, particularly in geographic regions where genotype 1a is not prevalent. Similarly, Songsivilai et al. (122) showed that serotyping had poor sensitivity for samples from patients infected with HCV genotype 6. Unlike the two previous studies, a study conducted in the United States reported high concordance between serologic genotyping and molecular genotyping assays (44). These findings suggest variation in the reliability of these assays based on the distribution of HCV genotypes in a specific geographic area.
The choice of typing method for HCV should be based on the expertise in a specific laboratory or institution and the goal of typing. To identify all subtypes and to identify novel sequences if present, PCR amplification followed by sequencing should be the method of choice. However, the goal in treatment trials is frequently to separate patients infected with genotype 1 from those infected with other genotypes-a task that could be done adequately by any of the methods mentioned.
GEOGRAPHIC DISTRIBUTION OF HCV GENOTYPES
At least six major genotypes of HCV, each comprising multiple subtypes, have been identified worldwide (142) . Substantial regional differences appear to exist in the distribution of HCV genotypes (Fig. 2) . Although HCV genotypes 1, 2, and 3 appear to have a worldwide distribution, their relative prevalence varies from one geographic area to another (Fig. 2) .
HCV subtypes 1a and 1b are the most common genotypes in the United States (Fig. 3) (145) . These subtypes also are predominant in Europe (35, 82, 91) . In Japan, subtype 1b is responsible for up to 73% of cases of HCV infection (124) . Although HCV subtypes 2a and 2b are relatively common in North America, Europe, and Japan, subtype 2c is found commonly in northern Italy. HCV genotype 3a is particularly prevalent in intravenous drug abusers in Europe and the United States (101 The geographic distribution and diversity of HCV genotypes may provide clues about the historical origin of HCV (121) . The presence of numerous subtypes of each HCV genotype in some regions of the world, such as Africa and Southeast Asia, may suggest that HCV has been endemic for a long time. Conversely, the limited diversity of subtypes observed in the United States and Europe could be related to the recent introduction of these viruses from areas of endemic infection.
CLINICAL RELEVANCE OF HCV GENOTYPES
Although the impact of HCV heterogeneity and genotypes on the day-to-day clinical management of chronic HCV infection has not been established, its role as an epidemiologic marker has been clearly shown. Furthermore, the sensitivity and specificity of serologic and virologic assays for the detection of HCV may be influenced by the heterogeneity of HCV. However, the exact role of genotypes in the progression of liver disease, the outcome of HCV infection, and the response to interferon therapy are much less well understood than their role as an epidemiologic marker. The study of these issues has been hampered by the long natural history of HCV infection and the lack of information about the exact time of exposure to the infection. The following subsections in this section specifically address these issues on the basis of the information available.
Genotypes and HCV Genetic Heterogeneity as Epidemiologic Markers
Because of geographic clustering of distinct HCV genotypes, genotyping may be a useful tool for tracing the source of an HCV outbreak in a given population. Examples include tracing the source of HCV infection in a group of Irish women to contaminated anti-D immunoglobulins (104) . All of these women were infected with HCV genotype 1b, a genotype identical to the isolate obtained from the implicated batch of anti-D immunoglobulin. Hohne et al. used genotyping to trace the sources of outbreaks in Germany (54) . More recently, genotyping and molecular characterization of HCV isolates provided evidence for a patient-to-patient transmission of HCV during colonoscopy (11) . The index case as well as the two other infected patients had HCV genotype 1b. Nucleotide sequencing of the NS3 region showed that the three patients had the same isolate (100% homology), strongly suggesting a common source of infection.
Suspected nonconventional routes of HCV transmission could also be investigated by molecular analysis of HCV strains from different persons. These include the vertical and sexual routes. Weiner et al. (133) showed that a single predominant HCV variant was transmitted to an infant born to a mother infected with multiple variants. Gish et al. reported similar findings (R. G. Gish, K. L. Cox, M. Mizokami, T. Ohno, and J. Y. Lau, Letter, J. Pediatr. Gastroenterol. Nutr. 22:118-119, 1996). A specific 12-nucleotide insertion in the E2 hypervariable region of the HCV genome was noted in the vertically transmitted sequence of an infant born to a mother infected with two different genotypes, each composed of multiple heterogeneous sequences (2) . These data may suggest a potential role of HCV heterogeneity and genotypes in mother-to-infant transmission of HCV (138) .
Reports on the sexual transmission of HCV infection are conflicting. The detection of anti-HCV positivity ranged from 0% in partners of transfusion-associated hepatitis patients (40) to 8% in male homosexuals (39) and 5% in household contacts (G. Ideo, G. Bellati, E. Pedraglio, R. Bottelli, T. Donzelli, and G. Putignano, Letter, Lancet 335:353, 1990). A possible explanation is that sexual transmission occurs only in association with specific HCV genotypes or in the presence of specific mutations along the HCV genome. As with vertical transmission, samples from patients with suspected sexual transmission of HCV have undergone nucleotide sequence analysis to confirm the similarity of sequences obtained from sexual partners and thus the common origin of these HCV strains (21, 51, 61) . Although the data are suggestive of a role of HCV heterogeneity in sexual transmission, this speculation needs to be confirmed.
Although Zein et al. (145) found no association between HCV genotypes and the mode of HCV acquisition in their population, others have provided evidence for such an association (7, 101, 131) . It has been suggested that genotypes 3a and 1a are closely associated with intravenous drug use and that genotype 1b is seen more often in patients who acquired HCV through blood transfusion. This information may be useful in tracing sources of HCV epidemics.
HCV Diagnostic Assays
Cloning of the HCV genome led to the identification of the 5-1-1 protein that was reactive with sera obtained from patients with non-A, non-B hepatitis. Using 5-1-1 as a hybridization probe, the recombinant antigen c100 was expressed in yeast and eventually was used to develop the first screening assay (65) . The first-generation HCV antibody test approved by the Food and Drug Administration became commercially available in 1990 and was widely used. This was an ELISA that incorporated the c100 epitope from the NS4 region. Because of the high level of false positivity, SIAs were introduced as a supplemental test in patients with positive ELISA results. The ELISAs were affected by the level of circulating globulins in serum, particularly in patients with autoimmune chronic active hepatitis (79) .
As more reactive recombinant antigens were identified from conserved regions of the HCV genome, newer serologic assays (second and third generation) were introduced. With improved sensitivity and specificity, the newer assays quickly replaced the first-generation assays. These second-generation assays included the ELISA-2 and SIA-2, which were approved by the Food and Drug Administration in 1992 and 1993, respectively. In addition to the 5-1-1 and c100-3 antigens, these assays incorporated the c22-3 antigen derived from the core region of the HCV genome and the c33c antigen derived from the nonstructural region NS3. Second-generation SIAs are widely used for the validation of second-generation ELISAs in the serologic diagnosis of HCV infection. Current criteria for a positive SIA require reactivity to at least two HCV antigens encoded by different parts of the HCV genome. A common problem is that of indeterminate results, defined as reactivity to a single antigen band or reactivity to two bands derived from the same coding region (i.e., 5-1-1 and c100-3). A significant proportion of samples (5 to Recently, Zein et al. (140) reported on their experience with indeterminate second-generation SIAs. They found that of 720 ELISA-2-positive samples tested in the diagnostic virology laboratory between January 1994 and January 1995, 96 (13%) had indeterminate results. Of these indeterminate samples, 30 (31%) were HCV RNA positive on PCR. Next, they determined the HCV genotype distribution of SIA-2-indeterminate samples and found that it was significantly different from that of SIA-2-positive samples, suggesting that the HCV genotype affects the interpretation of these assays. Less common HCV genotypes in the United States, such as 2a, 2c, 3a, 4a, and 5a, were more prevalent in the samples with SIA-2-indeterminate results (Fig. 3) ; this would make the serologic detection of these genotypes less efficient. These findings are consistent with an earlier report that suggested the presence of differences in serologic reactivities to HCV antigens among HCV genotypes (146) . Reactivities to protein 5-1-1 were significantly lower for patients infected with genotype 2b or 3a than for those infected with genotypes 1a or 1b. Antibody reactivity to the c100-3 protein was also reduced in patients infected with HCV types 2b and 3a. These genotype-dependent differences may have major implications for the current use of HCV diagnostic tests, especially in geographic areas with a high prevalence of HCV genotypes that are phylogenetically distant from genotype 1a, the prototype sequence used in the development of these assays. Studies related to the efficiency of these assays should be done locally in blood banks in different regions of the world before the assay is relied on for blood screening and prevention of new infections.
Third-generation assays (ELISA-3 and SIA-3) were introduced in Europe more than 3 years ago but are still not available commercially in the United States. In these assays, a recombinant NS5 antigen has been added to the four antigens used in the second-generation assays. These third-generation assays have higher sensitivities and specificities than secondgeneration assays and are much less strongly influenced by the infecting genotype (57, 76, 77) .
The detection of HCV RNA by reverse transcriptase PCR has become essential for the diagnosis of HCV infection and for the selection of patients before therapy. The main advantages of reverse transcriptase PCR include early diagnosis after acute infection and detection of viremia in selected patients (those with indeterminate antibody results and immunosuppressed patients). The sensitivity of PCR for HCV RNA detection may vary according to the choice of primers and the handling of preextraction samples (13, 15) . Most laboratories use primers specific for the 5Ј UTR of the HCV genome because it represents the most highly conserved region among HCV genotypes. Choosing primers from less highly conserved regions of the HCV genome is likely to compromise the sensitivity of PCR in a population in which multiple genotypes are represented.
Assays for the quantification of HCV viremia levels in serum (HCV RNA titer) have been developed and shown to be valuable in the selection of patients for interferon treatment and in the assessment of response during therapy (78, 99) . Two different methods have commonly been used for the quantitation of HCV RNA and have become commercially available. The first was developed by Roche Diagnostics Systems (Branchburg, N.J.) and is based on a competitive PCR assay for HCV RNA quantitation (Roche Monitor assay). The second method is based on the coamplification of synthetically mutated target RNA (branched DNA [bDNA] assay; Quantiplex [Chiron Corp.] ). The quantitative results of HCV RNA detected by both methods are reliable and reproducible (73) .
Earlier studies have suggested a difference in the efficiency of the bDNA assay for quantification of HCV RNA of patients infected with different HCV genotypes (10) . However, a second-generation bDNA assay was developed (Quantiplex HCV RNA 2.0) that incorporated a set of oligonucleotide probes to enhance the efficiency of binding to genotypic variants of HCV (32) . The new assay was highly sensitive and virtually unaffected by HCV genotypes. A similar variation in the efficiency of detection of different HCV genotypes was recently observed for the Roche Monitor assay (50) . These genotype-dependent differences in the efficiency of assays to accurately quantify HCV RNA may have to be considered if clinical decisions are based on the results obtained.
Outcome of Acute HCV Infection
After initial exposure to HCV, the infection fails to resolve in the majority of patients (80%) who become chronically infected. The ability to evolve into chronic disease associated with liver damage is by far the most striking feature of HCV. The spontaneous clearance of HCV following acute infection in a small proportion of patients has been the focus of intense investigations. It has been proposed that differences in the host cellular (84) Amoroso et al. (3) specifically investigated the role of HCV genotypes in persistence of HCV infection following an acute exposure. The rate of evolution to chronicity after acute exposure to HCV was 92% in patients exposed to HCV genotype 1b infection, compared with 33% to 50% in patients exposed to other genotypes. These data provided evidence that viral factors, including the HCV genotype, may potentially play an important role in the development of chronic infection following acute exposure to HCV.
Progression of Liver Disease
The role of HCV genotypes in the progression of liver disease is one of the most controversial areas of HCV research. There appears to be significant biologic variation in HCV disease expression in the host over the length of the infection (typically the life of the patient). This variation among infected persons became apparent in studies on the natural history of HCV infection, for example, in a retrospective analysis of patients with chronic HCV infection whose time of HCV acquisition was known (N. N. Zein, A. S. Abdulkarim, D. Brandhagen, T. Therneau, and D. H. Persing, Abstract, Hepatology 24:150A, 1996). The mean times from exposure to HCV to the diagnosis of chronic active hepatitis, to compensated liver cirrhosis, to decompensated cirrhosis, and to hepatocellular carcinoma were 11, 18, 23, and 29 years, respectively (Fig. 4) . What is striking is that severe complications such as cirrhosis and hepatocellular carcinoma can occur over a short period in some persons whereas others have no complication despite a much longer period of infection (Fig. 4) . Therefore, it is likely that viral or host factors, including the infecting HCV genotype, contribute to these variations in the natural history among infected patients.
Currently, investigators are divided into those who strongly believe in differences in pathogenicity among genotypes and those who do not. Conclusions have been derived from indirect evidence, because conducting accurate investigations to answer these questions has been difficult. Frequently, the role of genotypes as an independent factor in the progression of liver disease cannot be separated from the roles of other cofactors such as viral load, alcohol intake, and length of time of HCV infection. Patients may not provide accurate information about drug use or the amount of alcohol intake; therefore, the time of HCV acquisition often is not known. Because of the overall slow progression of liver disease in HCV-infected patients, prospective studies frequently are not possible.
For the purpose of this discussion, the data related to HCV genotypes and progression of liver disease in patients with chronic HCV infection were examined separately from those for liver transplant recipients.
In patients with chronic HCV, infection with genotype 1b is reportedly associated with a more severe liver disease and a more aggressive course than is infection with other HCV genotypes (91; G. Pozzato, M. Moretti, F. Franzin, L. S. Croce, C. Tiribelli, T. Masayu, S. Kaneko, M. Unoura, and K. Kobayashi, Letter, Lancet 338:509, 1991). Similar to others (102, 105, 112) , Zein et al. (145, 147) found that HCV genotype 1b was significantly more prevalent among patients with liver cirrhosis and those with decompensated liver disease requiring liver transplantation than among those with chronic active hepatitis C. Although this is indirect evidence, it suggests an association between HCV genotype 1b and the development of these complications. Furthermore, a possible link to hepatocellular carcinoma has been proposed for HCV genotype 1b. There is compelling evidence that hepatocellular carcinoma occurs more frequently or emerges earlier among HCV-infected Japanese patients (125, 137) than among HCV carriers in western countries (33, 55) . Because HCV genotype 1b is more common in Japan than in Europe or the United States, the hypothesis relating to genotype is attractive and appears to explain these differences. Furthermore, HCV genotype 1b was present in most of the patients with HCV-associated hepatocellular carcinoma studied by Zein et al. (143) . Similarly, Reid et al. determined the HCV genotypes in 28 patients with hepatocellular carcinoma and found that 19 (68%) were infected with HCV genotype 1b and the rest were infected with a mixture of HCV genotypes that always included genotype 1b (A. E. Reid, L. J. Jeffers, K. R. Reddy, I. Aiza, E. R. Schiff, J. L. Dienstag, and T. J. Liang, Abstract, Hepatology 20:250A, 1994).
Some reports refute the associations mentioned above (6, 9, 48, 67, 88, 117, 136) . A possible and simple explanation may reconcile these reported discrepancies. Zein et al. (145) found that patients infected with HCV genotype 1b were older than those infected with other genotypes and that genotype 1b may have been present before the other genotypes. Thus, patients infected with genotype 1b may have been infected for a longer time (Zein et al., Abstract, Hepatology 24:150A, 1996). As shown in Fig. 5 , all of the patients who acquired HCV before 1955 were infected with genotype 1b. HCV genotype 1a was introduced into the United States in the late 1950s and then became the most prevalent genotype in the United States. It was not until the 1960s and 1970s that genotype 2 and genotypes 3 and 4, respectively, were introduced in the United States. After accounting for differences in the duration of HCV infection, HCV genotypes were distributed equally among patients with mild or advanced liver disease. Similar observations have been made in France and Spain (72, 103) . According to this explanation, HCV genotype 1b is a marker for more severe HCV-associated liver disease, because it reflects a longer time of infection rather than a more aggressive form of hepatitis C.
Future studies are still needed to rule out other host, viral, or environmental factors that may contribute to these differences.
Zein et al. (147) and Gordon et al. (45) reported that in liver transplant recipients, HCV genotype 1b is associated with earlier recurrence and more severe hepatitis than are other genotypes. Although others have reported similar findings (5, 100, 111), some authors have suggested that there is no association between genotype and HCV recurrence after transplantation (8, 20, 27, 148) . The difference in the duration of infection that may have been a factor in non-transplant-associated HCV patients is not likely to explain the discrepancies in the literature about posttransplantation HCV. More studies are needed.
Response to Interferon Therapy
Since the discovery of HCV, considerable effort has been devoted to defining the factors that may be important in predicting the long-term response to interferon therapy (144) . The interferon dose (16) , duration of treatment (58) , viral RNA level (132) , and liver histology (71) all seem to play a role in predicting response. It has been suggested that patients infected with HCV genotypes 1b and, to a lesser degree, 1a are less likely to have a favorable response to interferon treatment than are those infected with genotype 2 or 3. Zein et al. (145) reported a complete biochemical response at the end of 6 months of treatment with interferon in 60 to 70% of patients infected with HCV genotype 2 and in 10 to 15% of those infected with genotype 1. This difference was also present for sustained response and was independent of liver histologic features or the pretreatment HCV RNA levels. This may partly explain the higher rates of long-term response to interferon treatment that have been reported in Europe, where HCV genotype 2 is more prevalent than in the United States or Japan. However, a meta-analysis of the most relevant studies was performed recently (29) , and although there was a difference, the predictive value of the non-1 HCV genotype for response to treatment was low (58% for response at the end of treatment and 55% for sustained response). It has been suggested that the introduction of more effective therapies such as the combination of interferon and ribavirin may make the value of predictive factors for response to therapy less important and the differential response of HCV genotypes less obvious (29) . However, more recent treatment trials using interferon plus ribavirin in interferon-naive patients with chronic HCV (80) or in patients in whom previous interferon treatment failed (28) showed higher rates of sustained response to therapy in patients with HCV genotypes other than 1. Among patients with HCV genotype 1, 48 weeks of treatment was required to achieve a response similar to that of patients infected with other genotypes treated for 24 weeks (80) .
An "interferon-sensitive" region in the nonstructural portion of the HCV genome has been identified in Japanese patients infected with genotype 1b (37) . However, studies from the United States and Europe failed to confirm these findings (36, 53, 92) . The significance of these findings is not known, and the clinical application of such an expensive and laborintensive procedure to predict the response to treatment is impractical.
CONCLUSIONS
Multiple genotypes of HCV have been isolated throughout the world. The identification and characterization of HCV types and subtypes have major implications for HCV vaccine development. It is clear that HCV genotypes are important epidemiologic markers and may alter the sensitivity and specificity of diagnostic assays for the detection of HCV. Differences among genotypes in pathogenicity are not clear and have not been proved. Although not efficient by itself, HCV genotyping in combination with other markers, such as quantitative evaluation of HCV RNA, may be beneficial in the management of chronic hepatitis C and in the selection of candidates for interferon treatment. At present, patients should not be excluded from treatment on the basis of the infecting genotype. However, genotype determination could potentially be used to decide the length of treatment. Patients infected with HCV genotype 1 are likely to achieve the best rate of sustained remission following a 48-week course of treatment with interferon and ribavirin. A 24-week course of therapy appears to be sufficient to achieve the maximal rate of responsiveness. More studies are needed before guidelines can be established for the routine use of genotyping outside clinical trials and research laboratories.
